Geological Magazine

www.cambridge.org/geo

Original Article

Cite this article: Clift PD, Kulhanek DK, Zhou P,
Bowen MG, Vincent SM, Lyle M, and Hahn A
(2020) Chemical weathering and erosion
responses to changing monsoon climate in the
Late Miocene of Southwest Asia. Geological
Magazine 157: 939-955. https://doi.org/
10.1017/S0016756819000608

Received: 31 May 2018
Revised: 15 April 2019
Accepted: 2 May 2019
First published online: 13 June 2019

Keywords:
weathering; erosion; monsoon; geochemistry;

colour; IODP Site U1456

Author for correspondence:
Peter D Clift, Email: pclift@lsu.edu

© Cambridge University Press 2019.

CAMBRIDGE
UNIVERSITY PRESS

Chemical weathering and erosion responses to
changing monsoon climate in the Late Miocene
of Southwest Asia

Peter D Clift¥? @, Denise K Kulhanek® @, Peng Zhou!, Melanie G Bowen*,
Sophie M Vincent?!, Mitchell Lyle® and Annette Hahn®

!Department of Geology and Geophysics, Louisiana State University, Baton Rouge, LA 70803, USA; 2Research Center
for Earth System Science, Yunnan University, Kunming, Yunnan 650091, China; 3International Ocean Discovery
Program, Texas A&M University, 1000 Discovery Drive, College Station, TX 77845, USA; *Department of Geology
and Geophysics, Texas A&M University, College Station, TX 77843-3115, USA; °College of Earth, Ocean and
Atmospheric Sciences, Oregon State University, Corvallis, OR 97331-5503, USA and ®MARUM, Centre for Marine
Environmental Sciences, University of Bremen, Leobener Strasse, 28359 Bremen, Germany

Abstract

The late Miocene is a time of strong environmental change in SW Asia. Himalayan foreland
stable isotope data show a shift in the dominant vegetation of the flood plains away from trees
and shrubs towards more C4 grasslands at a time when oceanic upwelling increased along the
Oman margin. We present integrated geochemical and colour spectral records from
International Ocean Discovery Program Site U1456 in the eastern Arabian Sea to reconstruct
changing chemical weathering and erosion, as well as relative humidity during this climatic
transition. Increasing hematite/goethite ratios derived from spectral data are consistent with
long-term drying after c. 7.7 Ma. Times of dry conditions are largely associated with weaker
chemical alteration measured by K/Rb and reduced coarse clastic flux, constrained by Si/Al
and Zr/Al. A temporary phase of increased humidity from 6.3 to 5.95 Ma shows a reversal
to stronger weathering and erosion. Wetter conditions can result in both more and less alter-
ation due to the nonlinear relationship between weathering rates, precipitation and sediment
transport times. Trends in relative aridity do not follow existing palaeoceanographic records
and are not apparently linked to changes in Tibetan or Himalayan elevation, but more closely
correlate with global cooling. An apparent opposing trend in the humidity evolution in the
Indus compared to southern China, as tracked by spectrally estimated hematite/goethite, likely
reflects differences in the topography in the Indus compared to the Pearl River drainage basins,
as well as the generally wetter climate in southern China.

1. Introduction

The response of landscape to climate forcing remains a controversial topic but one that is critical
for deconvolving the competing effects of surface processes compared to tectonic forces in con-
trolling continental erosion and chemical weathering fluxes (Burbank et al. 2003; Reiners ef al.
2003; Riebe et al. 2004). This issue is of wide significance because of the proposed links between
intensified chemical weathering and global climate, largely modulated through the drawdown of
atmospheric CO, (a noted greenhouse gas) that can drive global cooling (Raymo & Ruddiman,
1992; Berner & Berner, 1997). In this study we examine the response of the Indus drainage basin
to a well-documented climatic transition in SW Asia at ¢. 8 Ma in the late Miocene (Kroon et al.
1991; Prell et al. 1992). Current models predict that higher humidity and warmer conditions
should be associated with higher degrees of chemical weathering because such conditions speed
up the rate of chemical breakdown of pristine mineral species into weathering products such as
clays (Kump et al. 2000; West et al. 2005). More intense weathering also increases the relative
loss of water-mobile elements (e.g. Na, K, Sr) from bulk sediment, causing net change in com-
position (Nesbitt et al. 1980).

We conducted this study on sediments from the Arabian Sea because this deep sea basin is
supplied with a strong flux of siliciclastic sediment, largely derived from the western Himalaya,
Karakoram and associated ranges (Fig. 1) (Clift et al. 2001), which in turn are heavily influenced
by monsoon rains, that are especially focused on the southern flank of the orogen (Bookhagen &
Burbank, 2006). Erosion of the western Himalaya has been linked to monsoon intensity over a
variety of timescales (Clift et al. 20084, b), although the region also receives moisture from the
west in the winter season via the Westerly Jet (Karim & Veizer, 2002). The Indus drainage basin
is noted for being particularly seasonal, especially compared to the wetter eastern Ganges —
Brahmaputra basin, a contrast that dates back into the Miocene (Vogeli et al. 2017).

https://doi.org/10.1017/50016756819000608 Published online by Cambridge University Press


https://www.cambridge.org/geo
https://doi.org/10.1017/S0016756819000608
https://doi.org/10.1017/S0016756819000608
mailto:pclift@lsu.edu
https://orcid.org/0000-0001-6660-6388
https://orcid.org/0000-0002-2156-6383
https://orcid.org/0000-0002-3647-473X
https://doi.org/10.1017/S0016756819000608

940

PD Clift et al.

i
k
E 36°N
|
%s AN
e y 2 N 34°N
I
~7—\"%, ¢Site U1457
{ A 2.2
{ 32°N
|
}—ze
} 30°N
I
|
}
| 28°N
Makran 26°N
3 Karqéhi _
“5, Gulf of Oman Pi‘&'» 4 Mabhi 8 24°N
‘Musc: By P
Muscat -, K> 2 N am\a
i T . 22°N
ARABIA Arabian : apti
L 223 1
I =4 20°N
- Mumbai
Deccan
J 18°N
Topography (m) Plateau 8
5000
4000 16°N
2000
1000 o
0
—-1000
2000 2
- Q
—2500 fo{%@ o
-3000 [RRLTAE P 10°N
‘o3 221
54°E 58°E 62°E 66°E 70°E 74°E 78°E 82°E 86°E

Fig. 1. Shaded bathymetric map showing the location of the boreholes (yellow dots) considered in this study as well as the major geographic features discussed in the text. Red
stars show the locations of existing scientific boreholes. Pink squares show locations of major cities in the area. Magnetic anomalies shown as thin white lines are from Miles and
Roest (1993). Dashed yellow lines show the continent-ocean transition. Dashed white lines show oceanic fractures zones. Base map is from GeoMapApp. Modified from Pandey

et al. (2016b).

The Indus Basin has been the subject of several earlier regional
palaeoclimatic studies that allow us to readily compare erosion
and weathering proxies with independently derived climatic data.

Earlier scientific drilling in the western Arabian Sea has estab-
lished that the late Miocene was a time of significant climate
change. A marked increase in the relative abundance of
Globigerina bulloides, a planktonic foraminifer today associated
with coastal upwelling on the Arabian Oman margin at times of
strong summer monsoon winds (Curry et al. 1992), indicated ini-
tiation of the modern wind system at c. 8 Ma (Kroon et al. 1991;
Prell et al. 1992). More recent work now highlights initial changes
after 13 Ma (Gupta et al. 2015; Betzler et al. 2016); however, this
does not diminish the potential importance of the 8 Ma transition.
Results from terrestrial studies also emphasize the importance of
this period as a time of environmental transition. Stable carbon iso-
tope data from soil carbonates in the Pakistani parts of the
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Himalayan foreland also show a trend to more positive §*C values
at a similar time (Quade ef al. 1989). This isotopic shift was inter-
preted to indicate a change from a tree- and shrub-dominated C3
vegetation assemblage to a grass-dominated C4 one. This floral
change was also recorded, albeit occurring slightly later, in the
NW Indian parts of the Indus Basin (Singh et al 2011).
Although initially interpreted to reflect a strengthening of summer
rains linked to monsoon initiation, this change in vegetation is now
generally considered to indicate a drier climate, or at least an
increase in seasonality, which is also a feature of the monsoon
(Tada et al. 2016). It is clear that those proxies that are linked
to terrestrial weathering and erosion and thus partly influenced
by continental rainfall and those proxies linked to oceanographic
biogenic productivity are not necessarily in sync or agreement with
one another, making a simple testing of environmental change
harder to achieve (Clift, 2017).


https://doi.org/10.1017/S0016756819000608

Weathering and erosion response to monsoon

Erosion records based on seismic data from the Arabian Sea
show a decrease in erosion from the middle to the late Miocene
and into the Pliocene at a time when sparse geochemical data from
drilled sections on the Indus Shelf point to reduced chemical alter-
ation (Clift et al. 2008b). This trend was interpreted to reflect a
progressive drying of the climate in the Indus Basin after c. 14
Ma until ¢. 3 Ma, but this reconstruction and its intepretation
remains controversial. Although heavier summer rains can favour
faster erosion (Clift et al. 2008b), the relationship is not linear
because heavy but infrequent rain in arid regions can drive faster
erosion during flash floods, especially when there is little vegetation
to hold soil in place (Burbank et al. 1993; Molnar, 2001; Giosan
et al. 2017). Likewise, heavier rain need not cause chemical alter-
ation to increase because strong rains can increase river discharge
and reduce transport times between source and sink. Thus, even if
rates of weathering increased, the total degree of alteration of the
sediment deposited at a given time could decrease if transport time
reduced sufficiently.

Here we examine the history of chemical weathering and envi-
ronmental aridity in the Indus Basin from 8.5 Ma to 5.5 Ma using
cores collected from International Ocean Discovery Program
(IODP) Site U1456 in order to assess the response to and nature
of the climatic transition during the late Miocene. Although
records spanning this time period are known onshore within the
Siwalik Group sedimentary rocks of the Himalayan foreland basin
(Fig. 1) (Tauxe & Opdyke, 1982; Burbank et al. 1996; Najman,
2006), each of the existing sections in that area essentially preserves
the output of the local major tributary as it leaves the mountain
front. While that is useful, these rocks do not provide a terrestrial
basin-wide record. Moreover, the Siwalik Group sections represent
a proximal record deposited upstream of the flood plains where
much of the weathering may occur (Lupker ef al. 2012) and where
most of the vegetation is assumed to grow. IODP Site U1456 thus
provides a unique, newly available opportunity to examine erosion
and weathering in the type area for which the SW monsoon is
known (Pandey et al. 2016a).

In this study we combine two scanning methods to derive high-
resolution weathering, erosion and environmental records. X-ray
fluorescence (XRF) core scanning was used on split core sections
to collect a suite of major and select trace elements that were used
to calculate weathering and erosion proxies. We supplement these
data with diffuse reflectance spectroscopy (DRS) measurements
used to define the relative abundance of the environmentally
sensitive minerals hematite and goethite (Schwertmann, 1971),
which have been used to constrain regional aridity in marine cores
(Balsam et al. 1997; Giosan et al. 2002), including previous
monsoon studies (Clift et al. 2008b). Our study is unique in com-
paring these two datasets at high resolution over a critical climatic
transition.

2. Geologic setting

IODP Expedition 355 sampled sediments from the Indus Fan
deposited within the eastern Arabian Sea (Pandey et al. 2016b).
IODP Site U1456 is located in the Laxmi Basin, which is separated
from the main Arabian Basin by the Laxmi Ridge (Fig. 1). The
Laxmi Basin first formed during the latest Cretaceous when
India began to separate from the Seychelles as seafloor spreading
between these continental blocks initiated (Bhattacharya et al.
1994; Pandey et al. 1995). Following the onset of India—Asia colli-
sion, likely ¢. 50-60 Ma (Najman et al. 2010; DeCelles et al. 2014),
the uplift and erosion of the Himalaya has resulted in the delivery
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of large sediment volumes to the Indus Submarine Fan. The Indus
Fan is the second largest sediment body on Earth, estimated to
comprise 4-5X 10® km?®, with a maximum thickness exceeding
11 km under the Indus Shelf, but much less in the Laxmi Basin
(Kolla & Coumes, 1987; Clift et al. 2001).

Site U1456 lies in the central part of the Laxmi Basin above the
carbonate compensation depth (CCD) so that it was possible to
date the age of sedimentation using a combination of nannofossil
and foraminiferal biostratigraphy, coupled with magnetostratigra-
phy that provides a relatively robust age model (Routledge
et al. 2019).

The primary source of sediment to the core site is believed to be
the Indus River, with lesser inputs from peninsular rivers such as
the Tapti and Narmada. Initial shipboard petrographic-based
interpretations of the sediments suggested that there were limited
amounts of sediment delivery from Western India, mostly in the
youngest parts of the section (Pandey ef al. 2016a). Bulk sediment
Nd isotope measurements from muddy sediments can be com-
pared with more proximal deposits to determine if a sediment is
probably Indus-derived or not (Clift et al. 2018). Figure 2 shows
Nd isotope values from the three samples that fall within the ana-
lysed section. The lower two are within the ‘probable Indus-
derived’ field, with one at 540 m below seafloor (mbsf) (~6.8
Ma) that could be influenced by run-off from the Indian peninsula
margin. The same study also dated zircon grains from sands at Site
U1456 which were revealed to be all Indus-derived, including one
from the section studied here (U1456D-13R-1). Nd was analysed at
higher resolution at nearby Site U1457 and was shown to be domi-
nantly Indus-derived over the time interval considered here, and
that provenance within the basin was also mostly stable.
Although we cannot exclude influence from the Indian peninsula,
the evidence suggests that the bulk of the siliciclastic sediment con-
sidered here is from the Indus River catchment.

Regional wind patterns do not now favour aeolian transport
from Arabia, but possibly from modern Somalia. Sediment trap
data in the modern basin show aeolian sedimentation reducing
to the east away from Arabia (Pease et al. 1998). The highest sed-
imentation rates occur during the winter and spring, under the
influence of the South Asian winter monsoon bringing material
from the Thar Desert. However, the Thar Desert is itself derived
from the Indus delta (East ef al. 2015), which makes resolving aeo-
lian vs water-borne sediment difficult. The age of the Thar Desert is
not well known, but it is at least 200 ka old (Singhvi et al. 2010). It is
unknown if it existed in the generally warmer, wetter conditions of
the Miocene. Sedimentation rates over the studied interval are
c. 10 cm ka~!. With an average dry density of ¢. 1.6 gm cm™> this
is equivalent to c. 160 g cm™ ka™! of total siliciclastic sedimenta-
tion, mostly in the form of clay. In contrast, modern sediment traps
offshore western India indicate average aeolian sedimentation of
0.29-1.05 g cm™>ka™! (Honjo et al. 1999), meaning that the aeolian
contribution is a very small fraction of the total deposit.

The sedimentary facies of the studied material are dominantly
hemipelagic shales and calcareous mudstones, with only minor
amounts of fine sand or silty graded interbeds interpreted as tur-
bidite deposits. Nonetheless, the studied materials are interpreted
to be either the product of hemipelagic hypopycnal plumes derived
from the Indus River mouth, or more likely distal turbidites with
carbonate biogenic background sedimentation that occasionally
dominates deposition at the site (Pandey et al. 2016a). Relative
reduction in siliciclastic sediment flux might represent times of
reduced Indus discharge, but could equally reflect avulsion of
the major fan depositional lobes from the Laxmi Basin into the
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Arabian Basin, or a bloom in biogenic productivity offshore
western India diluting the clastic flux.

3. Analytical methods
3.a. Spectral reflectance

DRS data from Site U1456 sediment were collected at the IODP Gulf
Coast Repository (GCR) in College Station, Texas (USA), using a
handheld Minolta CM-2002 Spectrophotometer between depths
of 507.32 and 726.54 mbsf. Data collected with the Ocean Optics
USB4000 spectrophotometer on the Section Half Multisensor
Logger (SHMSL) during Expedition 355 are considered to be unre-
liable at short wavelengths (<500 nm) due to use of a light source
with little power at those values. This resulted in a failure to capture
the first-derivative peak at 435 nm, although longer wavelengths and
proxies such as a* (redness) are considered reliable. The first-order
derivatives at 565 nm and 435 nm were calculated from the data col-
lected with the Minolta CM-2002 and their ratio was used to
represent the relative contents of hematite and goethite. This ratio
has previously been used as a proxy of relative humidity (Balsam
et al. 1997; Giosan et al. 2002; Ji et al. 2002). Hematite formation
is favoured in dry, warmer environments (Schwertmann, 1971),
whereas goethite is generally associated with cooler, wetter environ-
ments and is often favoured by the presence of minor organic matter
(Schwertmann, 1971; Sangode & Bloemendal, 2004).

The principle of DRS measurement involves illuminating a
sediment surface with a known source and collecting the reflected
light in an integration sphere. The normalized reflected signal must
be calibrated over the measured wavelength range according to the
spectra of pure white and black standards, representing 100 % and
zero reflectance, respectively. DRS measurements across the entire
wavelength spectrum of visible light (400-700 nm) are a standard
physical properties measurement performed by Ocean Drilling
Program (ODP) and IODP since the late 1990s, and the Minolta
CM-2002 instrument employed in the measurement of material
from IODP Site U1456 provides a percentage reflectance spectrum
with a wavelength resolution of 10 nm. DRS scanning was per-
formed at 2 cm intervals throughout the cores where material
was available and where a flat area of core could be found so that
the sensor of the Minolta Spectrophotometer was fully in contact
with the core surface at the time of measurement. Interference
from outside light was avoided in order to increase the accuracy
of the reflectance data. The archive half was carefully scraped
and rewrapped with polyethylene prior to scanning. Data from
the scanning are available online as Supplementary Table 1
(https://doi.org/10.1017/S0016756819000608).

3.b. XRF core scanning

XRF geochemical core scanning was conducted at the IODP GCR
using a third-generation Avaatech XRF scanner with a Canberra
X-PIPS (passivated implanted planar silicon) silicon drift detector
(SDD), Model SXD 15C-150-500 150 eV resolution X-ray detector.
Data considered in this study were collected between depths of
507.40 and 607.28 mbsf. The XRF scanner is configured to analyse
the split surface of core section halves for elements between alu-
minium (Al) and uranium (U) in the periodic table. The X-ray tube
and detector apparatus are mounted on a moving track so that
multiple points along the length of a core section can be analysed
in a single scanning run and multiple scans at different energies can
be automatically programmed. A basic description of first- and
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second-generation Avaatech scanners is given in Richter
et al. (2006).

For the Site U1456 XRF scans, each core section was removed
from refrigeration at least 2 hours before scanning and scraped to
clean and level the split core surface. The surface was covered with
4 pm thick Ultralene plastic film (SPEX Centriprep, Inc.) to pre-
vent contamination of the X-ray detector. The Ultralene film
was rolled onto the dry surface of the core section and taped to
the plastic core liner to ensure that it remained in place. After
the core section was placed in the Avaatech core scanner, the film
was examined for ridges/undulations and smoothed using a
Kimwipe or additional tape. No water was added to the core sur-
face, and because the work was undertaken several months after
core recovery there was no free water remaining on the cut surface.
Measurements were taken at 2 cm intervals during two separate
scans at different voltages (10 kV and 30 kV). The 10 kV scan (with
X-ray tube current of 800 pA, no filter, and 15 s detector live time)
collected data for elements Al, Si, S, Cl, K, Ca, Ti, Mn and Fe. The
30 kV scan (with X-ray tube current of 1000 pA, Pd-thick filter and
20 s dectector live time) collected data for elements Ni, Cu, Zn, Br,
Rb, Sr, Y, Zr, Nb, Mo, Pb and Bi. For both scans, the X-ray illumi-
nation area was set at 1.0 cm in the downcore direction and 1.2 cm
in the cross-core direction, and the scan was run down the centre of
the split core section.

XRF data presented here were reduced using the Normalized
Median-Scaled (NMS) method presented in Lyle et al. (2012).
For this study, the XRF data were scaled to a sediment composition
model derived from average greywacke, modified to account for
calcium carbonate measured on discrete samples taken during
the expedition. To do this, the median of the raw counts value
for each element was set to the sediment model per cent. The
raw count value for each element was converted to a percentage
by dividing it by the median raw count value and then multiplying
by the median model elemental abundance. These data were then
normalized such that the major rock-forming oxides summed
to 100 %, which eliminates varability caused by uneven surfaces,
variations in porosity and variations in XRF source intensity
(Lyle et al. 2012). Minor and trace elements were multiplied by
the same factor. A more detailed account of data reduction for
the Expedition 355 XRF data is given in Lyle ef al. (2018).

Discrete samples from these cores were also analysed by con-
ventional (benchtop) XRF as part of a study to determine if hand-
held XRF measurements yielded robust results that can be used for
calibration of core scanning data (Hahn et al. 2019). It is important
to note that the core scanning measurements were made along the
middle of the archive half-core sections, with the sampling window
set to 10 mm in the downcore direction and 12 mm across core.
This measurement samples only the uppermost few millimetres
of the sediment. Samples for conventional XRF measurements
were taken from the working half-core sections over a 1 cm interval
spanning from the outer edge of the core to just short of the middle
of the core (Fig. 3b), and then freeze-dried and homogenized using
a mortar and pestle. Replicate measurements on the same samples
yielded an accuracy within 1 % and standard deviation of 2 % for
the conventional XRF measurements (Hahn et al 2019).
Therefore, the conventional and core scanning XRF measurements
are not done on the same piece of sediment and while they should
generally correlate, outliers are likely, especially when thin or dis-
continuous beds are present. Figure 3a compares our NMS XRF
data to the conventional XRF discrete sample measurements for
Al K, Si and Rb to demonstrate that there is generally good cor-
relation between these methods and that we can use the
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between datasets.

significantly higher-resolution core scanning data to examine
downhole trends. This comparison shows that the correlations
are quite good, with R=10.70 for Al, 0.72 for K, 0.65 for Si and
0.66 for Rb. The Si data show an interesting distribution where
the NMS method overestimates SiO, per cent for lower concentra-
tions and underestimates it for higher concentrations. We suspect
that this is in part related to grain-size variations, as samples with
higher SiO, content are generally sandier (Fig. 4). Although the
presence of water on the core surface degrades the quality of analy-
sis of light elements such as Al, Si and K by core scanning (Kido
et al. 2006), this is not a critical issue in this study as demonstrated
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by the relatively good fit between the core scanning and conven-
tional XRF measurements, which argues against major systematic
error (Hahn et al. 2019) (Fig. 3b). These plots also allow average
uncertainties to be assessed based on the degree of scatter away
from the line of best fit between the two datasets. Here we employ
elemental ratios as proxies to observe qualitative changes down-
hole. Other studies have demonstrated that even though different
calibration methods yield variations in overall quality of the cali-
brated dataset, downhole trends do not change and therefore these
data can be used to make qualitative inferences, regardless of
calibration method (e.g. Weltje et al. 2015).
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4. Spectral reflectance data and proxy interpretation

Before plotting and utilizing the 565/435 (hematite/goethite) envi-
ronmental proxy, it is critical to confirm the existence of these first
derivative values, i.e. that there are well defined hematite and
goethite peaks in the spectral data. If either of these minerals is
absent then the value of the proxy is itself questionable. A relatively
strong first-derivative value at these particular wavelengths serves as
evidence for a detectable amount of these minerals. We calculated
the 565/435 value by determining the first-order derivative every 5
nm from the 400 nm wavelength to 700nm. A three-dimensional
plot, containing depositional age, wavelength, as well as the first-
derivative values, was created by using the software SigmaPlot in
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order to assess the strength of the signal (Fig. 5). This approach
demonstrates that the first derivative at both 435nm and 565nm
is quite strong over most of the interval dated between 55 and
85 Ma, although there is little hematite in sediments dated from
83 to 77 Ma. Simple two-dimensional plots of the strength of
the 435 and 565nm first derivatives show variable but positive val
ues through the entire studied section, implying that there is signal
for both minerals that allow effective use of this proxy (Fig. 5).

To confirm that the 565/435 proxy is a robust tool, we further
compared this with the a* (redness vs greenness) value from the
same analyses because this particular measurement is relatively
easily collected and considered generally reliable. Redness should
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at least partially reflect hematite content and thus co-vary with
both 565 and the 565/435 proxy provided that other mineral
phases do not dominate in controlling redness. Figure 6a shows
that there is a generally positive correlation indicating that redder
sediments tend to have higher 565 (R=0.6700), especially for
sand-rich sediment (R =0.7819). Higher a* values also correlate
with higher 565/435 values and thus relatively more hematite
(Fig. 6b). The correlation coefficient in the latter case is not as
high (R=0.4549) but is best in sandy sediment (R=0.6672).
This suggests that 565/435 is partly controlled by relative hematite
content and that there are measurable amounts of hematite
throughout the section.

Care also needs to be taken in using hematite/goethite as an
environmental proxy because the preserved hematite and goethite
contents of the sediments can be influenced by diagenesis as well as
original mineralogy during deposition. Although iron oxide reduc-
tion is typically limited to the upper metre of the sediment column,
rock magnetic studies of sediments from the Bengal Fan high-
lighted the possible role of organic carbon in controlling pyrite for-
mation and the degree of deeper diagenesis, which in turn
influences the hematite and goethite abundance. However, the
Bengal Fan is systematically more efficient in carbon burial com-
pared to the Indus (Galy et al. 2007). To check that organic carbon
is not driving significant reduction and affecting the measured
hematite/goethite, we plot total organic carbon against the 565/
435 values and note the lack of any coherent variation (Fig. 2).
Organic matter was interpreted to be of mixed marine and terres-
trial sources, but with a modest bias towards terrestrial sources,
based on the total organic carbon and total nitrogen contents
(Pandey et al. 2016a).

5. Major element data and proxy interpretation

Si/Al is considered to be a proxy for the sandiness of the sediment
because quartz is rich in silica, whilst clay is rich in aluminium
(Hu et al. 2016). These cores are drilled in a turbidite-rich subma-
rine fan dominated by siliciclastic sediment and biogenic carbonate,
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as revealed by core descriptions and microscopic analysis (Pandey
et al. 2016a). There is negligible biogenic silica, mostly in the form of
diatoms, radiolarians and minor sponge spicules, with the former
limited to the top few metres of the stratigraphy in much younger
sediments than considered in this study. Microscopic inspection of
sediments in the studied interval shows either no siliceous biogenic
material or trace numbers of sponge spicules. Because Si/Al is a
proxy for quartz sandiness and greater current power is required
to transport coarser-grained sand compared to fine clay-rich sedi-
ment, this proxy can be used as an indicator of discharge power
linked to run-off and the erosion of coarse material in the source
regions. However, we recognize that hydrodynamic sorting occurs
every time the sediment is reworked and redeposited, including in
any turbidite deposit, so that its reliability as a proxy for terrestrial
processes must be considered suspect, despite the fact that most of
the stratigraphy comprises hemipelagic muds and carbonates. For
those sparse sandy units that were deposited as turbidites, the
grain-size characteristics are more controlled by the location of
the drill site relative to the main depocentre.

Zr/Al is another proxy for siliciclastic flux because Zr is largely
present in zircon grains. Geochemical analysis of Indus delta sedi-
ments indicates that sediment <63 pm is more Zr-rich than the
coarser grain-size fraction, with average contents of 310 ppm for
<63 pm compared with 149 ppm for 63-125 um and 261 ppm
average of 125-250 pm (Jonell et al. 2018). However, this study
did not distinguish between clay- and silt-sized material, and zir-
con grains are typically part of the coarser silty sediment because of
their high density, rather than of clay-rich sediment (Olde et al.
2015). Zr does not reflect dispersed volcanic glass shards or the
presence of visible volcanic ash layers but must be siliciclastic
and continental in origin as volcanic glass shards were not seen
in the studied interval. Zircon is present in most continental igne-
ous and sedimentary rock units and might be expected to increase
in concentration when erosion from these sources increased and
the eroded material became more silty and less clay-rich. The
proxy assumes that the sources do not change their relative yield
of silt, sand and clay through time. Nd isotope data suggest that
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provenance does not change much over the time span of this study
(Clift et al. 2018), so this potential influence can be discounted.
Zr/Al has been also been used as a silt grain-size proxy, and as a
proxy for current strength during transport and sedimentation
(Bahr et al. 2014). This in turn is linked to discharge and stream
power that control rates of erosion in river valleys (Whipple &
Tucker, 1999). Earlier studies from Quaternary sediments in the
Arabian Sea show that coarser-grained turbidite silts and sands
have higher Zr/Al and Si/Al values than interbedded mudstones
(Schnetger et al. 2000). When continental erosion is strong and dis-
charge from the river mouth is high, then the proportion of such
siliciclastic sediments in the submarine fan is higher than when
erosion is slow and the deep-sea sediment is dominated by clay.
In this study, Zr/Al is used as a proxy for relative silt content,
usually associated with higher fluvial discharge.

Fe/Ca was used as a proxy for siliciclastic flux relative to bio-
genic carbonate productivity because in many marine cores the
amount of siliciclastic Ca is relatively low and the CaO content
is mostly a function of biogenic carbonate (Govin et al. 2012).
Carbonate is present throughout the section studied, at levels as
low as 5.4 % to as high as 47.8 % (Pandey et al. 2016a) so that
CaO concentrations are almost always greatly in excess of the aver-
age upper continental crust concentration of 3 % (Taylor &
McLennan, 1995). Diagenesis can affect the Fe contents of
sediment through reduction, but this process occurs in the top tens
of cm of the sediment column (Burdige, 1993) and is not relevant
on the depth range and scale considered here. Robinson et al.
(2000) indicated that sedimentation rate and organic material
content can be important in controlling the rate of Fe diagenesis.
A stronger diagenetic process is associated with a faster sediment
flux and a high (>0.5 %) organic content, both of which are low in
the studied section, averaging 3.7 cm ka™! and mostly <0.5 %.
Although more advanced remobilization is possible at greater
depths, this is considered unlikely here in view of the shallow
depths of burial and the lack of evidence for Fe mobilization
and redistribution. We compare our data with the average of
CaO0 =7.9 % and Fe/Ca = 0.75 measured by conventional means
in the Holocene delta (Clift et al. 2010). Fe/Ca values lower than
this reflect biogenic production, whereas higher values may point
to times of greater erosional flux. This comparison implies that this
Fe/Ca proxy is not driven by compositional variations within the
siliciclastic fraction. K/Rb and K/Al plot relatively water-mobile
potassium against less water-mobile elements in order to quantify
the degree of leaching of water-mobile potassium from the sedi-
ment prior to deposition (Nesbitt et al. 1980; Lupker et al.
2013). Both are proxies for the degree of chemical alteration.
We assume that most of the alteration occurs prior to sedimenta-
tion, probably onshore in continental flood plains, rather than dur-
ing diagenesis. Rb is mostly left in weathering profiles after
leaching and is only transported to the ocean if the soils are then
mass-wasted. Rb is rich in biotite but is also preferentially retained
on clay minerals during chemical breakdown compared to
K. However, Rb in K-feldspar and biotite is known to be more
readily mobilized than K during weathering (Nesbitt et al. 1980;
Blum & Erel, 1997), which can result in a complex weathering
response, depending on the source rock lithologies and the time-
scales of weathering and transport. Hu et al. (2016) showed that on
millennial timescales K/Rb was a better tracer of weathering
intensity in the northern South China Sea but that on longer scales
K/Al provided a more coherent signal in that area. We plot both of
these proxies because of their different sensitivities under the stress
of chemical weathering. Although many studies prefer K/Al
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(Clift et al. 2008b; Lupker et al. 2013; Clift et al. 2014; Wan
et al. 2017), there are examples where this is relatively invariable,
whereas K/Rb can highlight weaker degrees of chemical weathering
(Hu et al. 2016).

6. Results

We plot a series of geochemical and spectral proxies against depth
in mbsf in order to assess how they relate to lithology. There is
greater variation with depth in K/Rb compared to K/Al (Fig. 2).
In particular, K/Rb is relatively high below 595 mbsf, as well as
between 515 and 545 mbsf. These are sections of the core with sig-
nificant amounts of carbonate, as well as clay-rich mudstone. K/Al
shows a very high value at ¢. 510 mbsf, but is otherwise somewhat
variable, although there is a subtle long-term decrease in values
between 545 and 517 mbsf spanning a carbonate-rich interval.

Si/Al and Zr/Al show similar trends with depth, which are quite
different from those shown by Fe/Ca (Fig. 2). Not surprisingly
Fe/Ca is highest in carbonate-poor parts of the section, although
it is not clear if this reflects high clastic sediment delivery or low
biogenic carbonate productivity. This ambiguity is not applicable
to Si/Al and Zr/Al, because these only reflect the composition of
the siliciclastic fraction. Both proxies have relatively high values
that peak at c. 602 mbsf, with another sharp increase above 535
mbsf, remaining variable but generally high as shallow as 517 mbsf.
Both proxies show short-lived peaks over that interval that suggest
strong influxes of siliciclastic material from the continent, despite
the fact that much of this part of the section is relatively carbonate-
rich. This merely indicates that the siliciclastic fraction of the
carbonate-dominated sediments is quite sandy and not muddy.
Other maxima correlate with thin-bedded sand units between
585 and 588 mbsf. In contrast, variation in a* shows a relatively
straightforward increase up-section from 607 to 524 mbsf, above
which it decreases to a minimum at c. 518 mbsf, before increasing
again towards the top of the studied section. The 565/435 values
show similarities with the a* record, as might be expected from
their overall general correlation (Fig. 2), although some of the
maxima and minima are more extreme in this proxy. In general
the record appears to show increasing amounts of hematite relative
to goethite, with a maximum value reached at ~530 mbsf where the
sediment is relatively carbonate-rich.

7. Discussion

We assigned samples to one of three major sediment types using
the shipboard visual core description logs: clay- and silt-dominated
(<63 pm), sand-dominated (>63 pm) and carbonate-dominated
(Pandey et al. 2016a), where ‘dominate’ indicates sediment com-
prising more than 50 % of the total described interval. Because the
descriptions did not consider variations of <10 cm thickness it is
possible to have thin beds of other lithologies interbedded within a
dominant sediment type, although this was not common here. The
plot of a* against 565/435 shows that the silt/clay and carbonate-
rich sediments span a similar range of redness and hematite con-
tents, but that sandy sediment is preferentially associated with low
hematite/goethite values (Fig. 2). This could mean that sandy sed-
imentation is associated with more humid environmental condi-
tions, or that sand is associated with low concentration of iron
oxides. Nonetheless, the general covariation between redness
(a*) and hematite/goethite suggests that both parameters are
controlled by the same process.
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Fig. 7. Cross-plots of (a) K/Al and (b) K/Rb vs Si/Al, which we use as a grain-size proxy. K/Al shows no clear trend while K/Rb shows a weak negative correlation. Ratios are

calculated from wt % of oxides.

Links between lithology and chemistry are explored further by
plotting Zr against SiO,, which demonstrates a rough positive cor-
relation (Fig. 4a; R = 0.5951), as might be expected given that Zr/Al
is designated as a silt proxy and Si/Al as a proxy for coarser quartz-
bearing sediment relative to clay. This is especially clear for the car-
bonate-dominated sediment (R = 0.6717). The linear correlation is
most robust for SiO, concentration <65 %, above which some val-
ues of Zr increase very sharply in a nonlinear fashion, especially for
both sand and silt/clay-rich sediments. An even better correlation
is seen when plotting Zr/Al against Si/Al to eliminate the dilution
effect of biogenic carbonate (Fig. 4b). In this case, all three sedi-
ment types show high correlation, with R > 0.91. It is noteworthy
that carbonate-dominated sediment trends to generally lower
Zr/Al values compared to the more siliciclastic sediments for
any given value of Si/Al. This behaviour is consistent with zircon
being mostly enriched in silty and sandy deposits rather than the
carbonate-rich sediments whose siliciclastic fraction is inferred to
be slightly more silt-poor and sand-rich relative to other sediments
at a given Si/Al value (Jonell et al. 2018). In this case, Zr/Al is more
of relative silt content rather than discharge power.

We plot both K/Al and K/Rb against Si/Al to determine if the
chemical weathering proxies are related to lithology or mineralogy
(Fig. 7). Figure 7a shows that there is little correlation between K/Al
and Si/Al (R=0.0042), with the bulk of the sediments clustered
with low values in both ratios. However, silt/clay-rich sediments
show a better positive linear correlation, with less alteration (higher
K/Al values) correlating with greater proportions of quartz grains
(R=0.5700), as might be expected. Although it is possible that the
different size fractions have contrasting provenance that might
account for these differences, our data cannot constrain this.
However, bulk sediment Nd and Sr isotope data from the Indus
Delta indicate that provenance does not have a very strong effect
(Jonell et al. 2018). It is interesting to note that Si/Al values at Site
U1456 are generally higher than the average of the Holocene Indus
Delta (Si/Al =3.87) (Clift et al. 2010) and the Holocene Indus
Canyon (Si/Al=3.53 (Li et al. 2018)), suggestive of a systematic
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offset perhaps caused by the analytical method, likely low efficiency
of Al fluorescence during scanning. This is surprising given the dis-
tal, muddy character of the sediments at Site U1456 compared to
the sandier delta. In contrast, K/Al values are generally lower in the
Laxmi Basin than the 0.193 average of the Holocene delta and the
0.191 of the Holocene canyon. The greater alteration that this
implies is consistent with the finer-grained character of the sedi-
ments in the distal fan location. Comparison of Miocene sediments
with the Holocene delta and canyon may not be entirely valid given
the change in provenance and climate that has occurred in the
intervening time period (Clift et al. 2018).

Stronger alteration is more associated with fine rather than
coarser-grained material unless weathering is very strong and
removes most of the degraded minerals and mobile elements, leav-
ing only quartz-rich sand. However, K/Rb shows a more consistent
negative correlation with Si/Al (Fig. 7b) (R=0.5177), especially
when only considering the sand-rich sediments (R=0.7921),
but not the clay/silt-rich sediment (R=0.2619). At any given
Si/Al value, K/Rb is higher in carbonate-dominated sediments than
in sand-dominated sediments, ie. the clastic fraction of the
carbonate-dominated sediments is less altered than that in sandy
sediment. Higher sand flux associated with more chemical altera-
tion is potentially linked to wetter terrestrial environments. This
trend indicates that sediments with higher Si/Al values have lower
K/Rb values, i.e. sandy sediment is preferentially depleted in K rel-
ative to Rb. K-feldpar and biotite contain about the same amount
of K (8-10 wt %), but biotite usually contains more Rb (500-1000
ppm) than K-feldspar (400-600 ppm) (Hanson, 1978) and is prone
to more rapid breakdown during early chemical weathering (Blum
& Erel, 1997). K-feldspar also tends to release Rb more quickly than
Kin the early stages of chemical weathering, but as the process con-
tinues, preferential K loss dominates (Nesbitt et al. 1980). This
means that K/Rb of the sediment may first rise and then fall as
weathering proceeds, especially in the presence of abundant biotite.

We explored the relationship between K/Rb and mineralogy fur-
ther by plotting K/Rb against Rb (Fig. 8a). This shows no overall


https://doi.org/10.1017/S0016756819000608

Weathering and erosion

(a)

400

350

300
o) [
@ 250

200 |

100 L

response to monsoon

949

(b)

150 [

""""" LI L R L L B B B B L R T T T T T T
o o .: e :.. e Carbonate dominated |- e B
s . o Clay-silt dominated [
°  Sand dominated
0 50 100 150 0O 05 1 152 25 3 3.5
Rb (ppm) K20 (%)

Fig. 8. Cross-plot of K/Rb vs Rb showing some linearity between these factors in sand-dominated sediments but not in finer-grained material. Ratios are calculated from weight

ppm of oxides.

(a)

(b)

0.3 T T T T T T T T 400 T T T T T T T T
o.. . L] °
[ vo o seae 350 | ]
025 AR A 4
(o] (o))
£ i £l ]
L E 300 5
0.2 =l 1 o =
— ' ] i ¢
§ = ¥ 250 21 1
a ]
2 Qo
0.15 sl A g
g 200 | 5|
1)) 1))
L 173 [%2]
L o ] Q
01y - - 150 1
° Drier, more seasonal > » ° Drier, more seasonal
0.05 L 1 1 1 1 1 1 1 1 100 n 1 1 1 1 1 1 1 1
-02 0 02 04 06 08 1 12 14 -0.2 02 04 06 08 1 12 14

565/435

565/435

e Carbonate dominated
e Clay-silt dominated
* Sand dominated

Fig. 9. Cross-plots of 565/435 against (a) K/Al and (b) K/Rb. Ratios are calculated from wt % and ppm of oxides.

pattern (R = 0.0260), but there is a rough positive correlation if we
only consider sand-dominated sediment (R = 0.0320). This means
that K/Rb is not controlled by Rb abundance in the sand grains,
which would drive a negative correlation. There is no apparent trend
like this in the clay/silt-rich or carbonate sediments. The links
between K,O and K/Rb are better defined (Fig. 8b) (R=
0.4456), with the poorest correlation for the clay/silt-rich sediments
(R =0.3425). The offset of the carbonate-dominated sediments to
lower K,O value for a given K/Rb value reflects the dilution effect
of the biogenic carbonate on total concentration. The overall positive
correlation implies that it is loss of K relative to Rb that drives the
variations observed in K/Rb and that advanced chemical weathering
of K-feldspars dominates over biotite, with Rb behaving in a less
mobile fashion than K. We do note, however, that Rb varies in a
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regular fashion in the section and that abundances are not very
low. The K/Rb proxy can be considered a more reliable indicator
of weathering intensity in sandy sediment than K/Al

7.a. Weathering, erosion and humidity

We also compare these chemical weathering proxies with the 565/
435 hematite/goethite proxy (Fig. 9). K/Al does not correlate
coherently with 565/435, and little difference is seen among the
three major lithology categories. In general, the lowest values of
K/Al, implying strong degrees of chemical weathering, are more
associated with low concentration of hematite relative to goethite
(565/435 <0.6) and thus potentially more humid conditions. This
association is slightly better shown as a plot of K/Rb vs 565/435
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(Fig. 9b) (R =0.2161), although the data are clustered over a rel-
atively small range of values. This plot shows that the sand-rich
sediments are more altered than the finer-grained sediments
and are associated with lower hematite/goethite values (average
0.354) compared with silt/clay-rich sediments (average 0.450).
Wetter, less seasonal conditions (565/435 <0.5) are more associ-
ated with the lowest values of K/Rb (average 257 and minimum
of 123), indicating that the greatest degrees of chemical weathering
are linked to the wettest / least seasonal conditions, although
weakly weathered sediments may also be found under these con-
ditions. The most hematite-rich sediments with the highest values
of 565/435 (>0.8) are associated with relatively high values of K/Rb
(average 280 and minimum of 221), indicating less chemical alter-
ation overall during times of dry or seasonal environmental con-
ditions. K/Rb data imply that the strongest chemical weathering is
associated with the most humid conditions and potentially with the
strongest summer monsoon rains.

The relationship between the degree of weathering, erosion and
climate is not linear. Giosan et al. (2017) have shown that mass flux
rates during the Holocene increase as run-off increases but also
when precipitation decreases and vegetation cover decreases. On
a longer timescale, weathering is seen to decrease with a weaker
monsoon in the Arabian Sea and South China Sea, while increasing
in the Bengal Fan (Clift et al. 2008b). Here we suggest that wetter
and less seasonal climate increases the degree of alteration, but that
total alteration decreases as transport times shorten with stronger
discharge, resulting in less time for alteration to occur. As climate
dried and became more seasonal during the Late Miocene, there is
along-term shift to less chemical weathering. The driest conditions
are not linked to strong alteration.
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7.b. Temporal evolution

The evolution of erosion, weathering and environmental proper-
ties can be compared with other well-accepted measures of mon-
soon intensity spanning the studied time interval (Fig. 10). The
565/435 proxy shows an overall long-term increase in hematite rel-
ative to goethite, implying greater aridity, especially starting
around 7.7 Ma and continuing until 6.4 Ma. Although tempera-
ture, as well as moisture, is important in controlling the relative
abundance of hematite vs goethite, these factors can be hard to sep-
arate because of a lack of a good continental temperature proxy.
If we use the marine oxygen isotope record of Zachos et al
(2001) as a guide to temperatures and ice volumes then we see that
long-term cooling and ice growth (Herbert et al. 2016) mirrors the
relative increase in hematite. However, it is noteworthy that in
some intervals the §'80 record does correlate with some of the
other proxies over short timescales. Between 6.2 and 5.7 Ma, the
880 values increased, implying colder conditions, whereas at
the same time 565/435 decreased indicating relatively less hema-
tite. This relationship argues for humidity being dominant over
temperature in controlling this proxy.

A simple interpretation of the 565/435 proxy suggests increasing
humidity until 5.95 Ma, after which time the environment dried
again. The geochemical data do not extend into sediments older than
7.6 Ma, but it is clear that between 7.6 and 6.9 Ma there was signifi-
cant variability and high silt-sized clastic flux (larger grain size), as
measured by Zr/Al. This was followed by decreasing silt-sized clastic
flux to relatively low levels from 6.9 Ma until 5.95 Ma, at a time when
some sediment may be derived from the Indian margin to the east
(Clift et al. 2018). After that time, there was again a resurgence
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towards higher values. The observed pattern demonstrates that there
is significant variability but that in general high siliciclastic flux is
almost always associated with times of wetter environmental condi-
tions, whereas the drier climate between 6.9 and 5.95 Ma is linked
with a low rate of clastic flux.

It is noteworthy that at 7.4-7.6 Ma, both Zr/Al and Fe/Ca indi-
cate strong silt-sized clastic flux relative to biogenic production.
However, from 7.4 to 6.95 Ma, Fe/Ca was low despite scattered
high values of Zr/Al, implying a time of enhanced biogenic produc-
tion. Conversely, from 6.95 to 6.4 Ma, Fe/Ca values were high
whereas Zr/Al was low, implying low silt-sized clastic flux and
either very low biogenic production and/or a dominantly clay-rich
clastic flux. This corresponds with a section of carbonate-poor
sediment in the core (Fig. 2). After 6.4 Ma the two proxies are more
in accord with one another and indicate more clastic relative to
biogenic production at a time of enhanced silty sedimentation.
This requires that during that time it was the clastic flux from
the Indus River that controlled Fe/Ca values.

The weathering response to climate change is more complex, but
in general K/Rb shows lower values, indicating more chemical
weathering at a time when the clastic flux was high, which in turn
correlates with a trend to more humid conditions based on the 565/
435 values. This correlation is in accord with the concept that wetter
conditions allow chemical weathering to proceed at a faster rate than
arid conditions. We note that from 7.0 Ma to c. 6.6 Ma, the 565/435
values increased as K/Rb increased, whereas after that time 565/435
decreased, suggesting an increasingly wet environment from 6.6 to
5.95 Ma as chemical weathering intensified (lower K/Rb) values.

7.c. Comparison with existing proxies

The long-term trend from 7.7 to 5.6 Ma was toward relatively more
hematite, with short-lived excursions to wetter conditions and less
hematite relative to goethite. We note that this trend is consistent
with 813C data from carbonate nodules and palaeosols in the
Pakistani Himalayan foreland that show a long-term shift towards
more C4 grassland vegetation at that time (Quade et al. 1989). The
8'3C data derived from leaf waxes from Site U1456 also show the
same trend (Suzuki ef al. 2019) (Fig. 10). We would compare this
trend with the geochemically defined chemical weathering inten-
sity, but the XRF data do not extend deep enough to demonstrate
what the compositions were before the transition to drier condi-
tions after 7.7 Ma. However, there are high K/Rb values and mostly
low Zr/Al values, during the climate transition, indicative of weak
chemical weathering and physical erosion. The intensification of
both these processes after that time occurs when we have no
detailed 8'°C data from Laxmi Basin, so it is impossible to say
whether that change represents an opposite weathering/erosion
response or if there was a brief relapse to wetter conditions after
c. 7.4 Ma. The 565/435 data do not show much change after 7.4
Ma, and lithology also does not change significantly. Existing iso-
topic controls are not sufficient to show whether this excursion
might be driven by a change in provenance.

We further compare our results with monsoon-related oceanic
upwelling records from the Oman margin derived from ODP Site
722 (Fig. 10) (Huang et al. 2007). These show an increase in G. bul-
loides after 6.6 Ma compared to the period before 7.2 Ma (Fig. 10h).
6.6 to 6.25 Ma was a time of increasing aridity and weaker chemical
weathering according to our proxies (Fig. 10a, d). This is consistent
with analyses that the wind-based monsoon proxies from the
western Arabian Sea are not good rainfall proxies for the
Himalayan foreland (Clift, 2017). The same trend to more
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upwelling but a drier, hematite-rich environment onshore is seen
between 6.0 and 5.6 Ma, and a peak in upwelling from 6.25 to 6.5
Ma (Fig. 10h) is also a time of high 565/435. This demonstrates that
upwelling-related winds are strongest when the climate was driest,
not wettest, as might be expected from the modern situation in this
region.

What controls these environmental and palaeoceanographic
trends? In general during the Quaternary the summer monsoon
rains are strongest during interglacial periods and weak during
the Last Glacial Maximum, so a correlation with global climate
is justified (Fleitmann et al. 2003; Rohling et al. 2009). There is
along-term trend to colder global temperatures after 7.0 Ma, based
on benthic foraminiferal oxygen isotope data (Fig. 10g) (Zachos
et al. 2001). The brief spike to colder temperatures seen at 7.2-
7.1 Ma has no age-equivalent sediments at Site U1456, but the
changes in erosion and weathering reconstructed between 7.5
and 6.9 Ma do not correlate with any major global climate changes.

From 7.6 to 6.7 Ma the Fe/Ca values (terrestrial flux vs biogenic
production proxy) appear to be largely anticorrelated with Zr/Al
(silt vs clay proxy) and K/Rb (weathering proxy) (Fig. 10b-d).
Thus when the rate of terrestrial sediment supply was low com-
pared to biogenic carbonate production, both the chemical weath-
ering and the silt content of the sediment were high. This occurred
coeval with the C3 to C4 transition occurring in the Indus flood
plains (Quade et al. 1989) (Fig. 10f) and shortly after a sharp rise
in leaf wax 8'*C values (Fig. 10e), both indicators of drying of the
terrestrial environment. Weaker rains could slow sediment trans-
port across the plains and increase sediment alteration, while
reduced vegetation cover might expedite erosion of silty flood
plains during seasonal summer rains (Giosan et al. 2017). The
reduction in Fe/Ca would then correlate with greater biogenic pro-
duction rather than enhanced total terrestrial sediment discharge.

The long-term trend to increased weathering and sandy silici-
clastic flux from 6.4 to 5.9 Ma is likewise a time of drying (more
hematite vs goethite), which is associated with global climatic cool-
ing at that time. Cooling might be expected to drive drying, reduce
fluvial discharge and slow transport of sediment across the flood
plains. However, the faster erosion and weathering observed would
be predicted if aridity and seasonality increased to the point that
vegetation was sparse and seasonal flash flooding increased net
erosion (Molnar, 2001; Giosan et al. 2017).

Although the intensity of the SW monsoon is linked to moun-
tain uplift and especially to the height of the Himalayan barrier
(Boos & Kuang, 2010), the decrease in rainfall intensity over the
studied interval is probably not related to changes in this parameter
or to the tectonics of the Himalaya / Tibetan Plateau. Most geologi-
cal lines of evidence presently favour relatively early Palaecogene
uplift of the southern Tibetan Plateau (Spicer et al. 2003; Harris,
2006; Rowley & Currie, 2006), and although there is some indica-
tion of decreased altitude in SW Tibet this is dated to the Pliocene,
too late to have potentially influenced the climatic trends recon-
structed here (Saylor et al. 2009). The late Miocene was largely
marked by exhumation of the Lesser Himalaya and the growth
of the Lesser Himalayan Duplex (Huyghe et al. 2001; Najman
et al. 2009), but this is not linked to a change in height of the topo-
graphic barrier and is thus not expected to be have affected rainfall
intensity or the environments of the Indus flood plains.

Finally we compare our environmental trend with data from the
same time period in the South China Sea (Fig. 10i). The sediment at
ODP Site 1148 is interpreted to have been derived from southern
China, largely from a palaeo-Pearl River basin (Clift et al. 2008b)
and is also strongly affected by summer monsoon rains. Although
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this is the East and not the South Asian monsoon, they might
largely co-vary because they share several of the same external forc-
ing processes, such as global climate and the elevation of the
Tibetan Plateau (Kutzbach et al. 1993; Molnar et al. 1993). The trend
to higher 565/435 at Site U1456 between 7.7 and 6.4 Ma was a time
of steadily falling 565/435 values at Site 1148 (Fig. 10a, i). The trend
in 565/435 in the South China Sea is consistent with a strengthening
summer monsoon, which in turn matches the G. bulloides upwelling
record from the Arabian Sea. We consider it likely that aridity
changed in different ways in different parts of Asia. The increase
in leaf wax 8'*C seen around 7.5 Ma at Site U1456 (Fig. 10e)
(Suzuki et al. 2019) is consistent with the 565/435 record at the same
site but is noted as a time of strongly lower 565/435 at Site 1148,
implying wetter conditions in southern China as the climate dried
in South Asia.

Do these data imply that the East Asian monsoon intensified as
the SW monsoon dried? This is a possibility based on these data
alone, but other factors suggest more plausible alternatives. An
increase in aeolian sedimentation in the Chinese Loess Plateau
and the North Pacific after 8 Ma argues for more drying in central
Asia at that time (Rea et al. 1998; An et al. 2000), and sediment
grain-size and clay mineral data from the South China Sea have
been interpreted to reflect a stronger winter monsoon relative to
summer monsoon after 8 Ma (Wan et al. 2007). The drying of
northern and central China at the same time that the Indus
Basin dried does not, however, preclude wetter conditions in
southern China, possibly caused by a southward migration of
the Intertropical Convergence Zone (ITCZ). However, this seems
unlikely because palaeo-salinity records from the northern South
China Sea show increasing salinity after 7.5 Ma, implying less run-
off and a weaker summer monsoon in southern China at that time
(Steinke et al. 2010). Southern China is now significantly wetter
than Pakistan and western India, and increased goethite formation
relative to hematite might occur if rainfall had become less seasonal
in southern China during the late Miocene. Total rainfall could
have reduced while remaining still wet enough to form goethite
due to precipitation in both winter and summer. We further specu-
late that the different topography of southern China (low hilly
country), compared with the high mountains of the western
Himalaya and Karakoram, adjacent to the long alluvial plains of
the Indus may have caused a different weathering and erosional
response to the climate change. With monsoon rainfall concen-
trated against the mountain front in the Himalayas (Bookhagen
& Burbank, 2006), the flood plains could remain relatively dry
and suitable for hematite formation, while this situation would
not be possible in the more hilly regions of southern China.

8. Conclusions

We used a combination of XRF core scanning data and DRS spec-
tral data to constrain development of chemical weathering, terres-
trial erosive flux and the relative humidity of the Indus plains from
8.5 to 5.5 Ma using sediment recovered from the Indus Fan at
IODP Site U1456 in the Laxmi Basin, eastern Arabian Sea.
Among the weathering proxies, K/Al shows relatively modest
degrees of change up-section, whereas K/Rb is more sensitive to
changes in weathering intensity. K/Rb shows a long-term decrease
with time from 7.5 to 5.7 Ma, but with large coherent variations.
This latter proxy is also partly controlled by the sandiness of the
section. Our data imply less chemical weathering during times
when sedimentation was more carbonate-dominated, especially
around 6.5 Ma within the overall trend to decreasing weathering
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intensity. K/Rb variations relative to the 565/435 hematite/goethite
proxy indicate less chemical weathering during times of lower
humidity, but variable weathering when humidity was higher.
Physical erosion proxies Si/Al and Zr/Al do not show a clear link
to aridity beyond the observation that times of intense aridity are
also times of lower siliciclastic flux. An interval of strong chemical
weathering and physical erosion flux from 7.3 to 6.9 Ma is not mir-
rored by changes in 565/435.

A long-term trend to higher 565/435 from 7.7 to 6.3 Ma indi-
cates drying, especially when coupled with both foreland and
marine 8'*C isotope records that document a shift to more C4
grassland vegetation, linked to more arid conditions during the late
Miocene (Quade et al. 1989; Singh et al. 2011). The long-term envi-
ronmental trend parallels and is likely driven by falling global sea-
water temperatures rather than being triggered by tectonics or the
changing height of the Himalayan topographic barrier or the
Tibetan Plateau. The hematite/goethite record is at odds with
upwelling records from the Oman margin that show heightened
biogenic productivity and thus wind strength, but which do not
constrain rainfall in the Indus Basin. The long-term trend in hem-
atite/goethite reconstructed at Site U1456 is the opposite of that
previously found in the northern South China Sea at the same time,
and is probably linked to reduced seasonality in the presence of a
generally wetter climate and in the absence of a dry, extensive allu-
vial plain such as seen in the Indus Basin. The contrasting weath-
ering responses in these two regions reflect differences in the
topography and overall climate of the drainage basins.
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